Maribavir, an oral antiviral drug with activity against cytomegalovirus, is currently undergoing studies to assess its efficacy and safety as cytomegalovirus prophylaxis following stem cell or solid organ transplantation. The main objective of this study was to assess the effects of oral ketoconazole, a potent inhibitor of the cytochrome P450 3A4 (CYP3A4) isoenzyme, on the pharmacokinetics of maribavir. This was an open-label crossover study with 20 healthy adults. Subjects were administered a single dose of maribavir at 400 mg. After a washout period, subjects received a single dose of ketoconazole at 400 mg followed by a single dose of maribavir. Blood samples were collected for each drug sequence, and pharmacokinetic parameters for maribavir and its principal metabolite, VP 44469, were determined. Safety was evaluated by physical examination, clinical laboratory testing, 12-lead electrocardiogram, and monitoring for adverse events. Ketoconazole moderately reduced the clearance of both maribavir and VP 44469; oral clearance values were 35% and 13% lower, respectively, for maribavir-plus-ketoconazole treatment than for maribavir alone. Based on the assumption of complete inhibition of CYP3A4 activity, CYP3A4 is responsible for 35% of the overall clearance of maribavir. Treatment was generally well tolerated. The most-common adverse event was dysgeusia (taste disturbance), reported by nine (47%) and seven (35%) subjects in the maribavir alone and maribavir-plus-ketoconazole groups, respectively. The pharmacokinetic findings, in combination with the acceptable tolerability within the maribavir and maribavir-plus-ketoconazole treatment groups, suggest that no dose adjustment of maribavir is necessary when coadministered with CYP3A4 inhibitors or substrates.
Maribavir is an oral antiviral drug with activity against cytomegalovirus (CMV) that has a favorable preclinical (5, 6) and early clinical (9, 15, 16) efficacy and safety profile. Maribavir is currently undergoing phase III studies to assess its efficacy and safety as CMV prophylaxis following allogeneic stem cell or solid organ transplantation. Maribavir is a benzimidazole Lriboside compound that has a unique mechanism of action in that it inhibits UL97 kinase activity, which reduces both viral DNA assembly and egress of viral capsids from the nucleus of CMV-infected cells (3, 7, 8) . Maribavir has demonstrated good in vitro activity against CMV isolates or strains that are resistant to current CMV drugs (ganciclovir, foscarnet, and cidofovir) (1, 2) .
In pharmacokinetic studies, maribavir was rapidly and reasonably well absorbed, with a bioavailability of at least 30% to 40% (15) . Mean peak plasma concentrations were largely dose proportional and were achieved between 1 and 3 h after administration in healthy individuals and in patients with human immunodeficiency virus (HIV) infection (9, 15) . Maribavir has a mean terminal elimination half-life (t 1/2 ) of approximately 5 h in plasma, and based on studies in animals, maribavir is eliminated mainly by biliary excretion (10, 15) . This is consistent with recent data showing that maribavir pharmacokinetics are similar in healthy volunteers and in those with renal impairment (14) .
Maribavir also undergoes extensive metabolism. In healthy and HIV-infected subjects, Ͻ2% of the dose is excreted unchanged in the urine (10, 15) . The predominant metabolite in urine is VP 44469 (10) . This inactive N-dealkylated metabolite is mainly formed by cytochrome P450 3A4 (CYP3A4) (15) .
Knowledge of the metabolic route of elimination of maribavir is useful for predicting potential interactions with coadministered drugs. Findings from a study with healthy volunteers given a mixture of markers for CYP enzyme activity indicate that maribavir does not affect CYP1A2, CYP2C9, or CYP3A isoenzyme activity but may inhibit CYP2C19 and CYP2D6 activity (11) . Although maribavir was shown not to affect CYP3A4 isoenzyme activity, it is unknown what effect compounds that inhibit this isozyme have on the pharmacokinetics of maribavir. The main objective of this study was to assess the effects of oral ketoconazole, a potent inhibitor of the CYP3A4 isoenzyme, on the pharmacokinetics of maribavir.
MATERIALS AND METHODS

Subjects.
Men or women between the ages of 18 and 50 years were eligible for enrollment. Subjects were required to be nonsmokers and otherwise healthy as determined by medical history, physical examination, laboratory results, vital signs, and 12-lead electrocardiogram (ECG). Women of childbearing potential were to follow an acceptable method of birth control. Subjects agreed not to take any prescription or nonprescription medications (including estrogen-and/or progestin-containing products, histamine antagonists, proton pump inhibitors, herbal preparations, or vitamins) or receive vaccinations during the course of the study. Subjects were instructed to refrain from consuming Seville oranges, grapefruits (including grapefruit juice), or alcoholic beverages during the study. They were also instructed not to drink or eat caffeine-and theobromine-containing beverages and foods for 24 h before or after dosing in each treatment period. All subjects provided written informed consent, and the study was approved by the institutional review board at the participating site.
Subjects were excluded from the study if they were pregnant or breast-feeding; chewed tobacco or used nicotine replacement devices within 6 months before the screening visit; required treatment for alcohol or illicit drug abuse within 2 years; had taken any prescription or nonprescription drugs during the 3 months before the screening visit; had received an immunization during the 2 weeks before the screening visit; had a known intolerance to ketoconazole; had known liver disease (e.g., hepatitis B or hepatitis C); had elevated aspartate aminotransferase or alanine aminotransferase levels at the time of screening; had known immune deficiency disease or were HIV positive; had participated in any other investigational drug study within 30 days of the screening visit; or had participated in any previous maribavir clinical trial.
Study design.
This was an open-label, random-sequence, two-way crossover study conducted from 16 November 2004 to 4 January 2005. To achieve a target of 16 subjects who completed the study, 20 adults (10 men and 10 women) were enrolled at the Baltimore Clinical Pharmacology Research Unit and were randomized in a 1:1 ratio to receive one of two sequences (5 men and 5 women per sequence) of maribavir alone and ketoconazole plus maribavir. For sequence 1, treatment period 1, single-dose maribavir at 400 mg (four 100-mg tablets; ViroPharma Incorporated, Exton, PA) was administered on day 1, followed by a full pharmacokinetic profile assessment over 24 h. After a 1-week washout period, treatment period 2 consisted of a single dose of ketoconazole at 400 mg (two 200-mg tablets; Janssen Pharmaceutica, Titusville, NJ) administered on day 8, followed 1 h later by a single dose of maribavir at 400 mg and subsequently another full pharmacokinetic profile assessment over 24 h. The order of the two treatments was reversed in sequence 2. Subjects fasted overnight on the day before drug administration in each treatment period and continued to fast for 4 h after the maribavir dose in each treatment period. All study drug doses were administered under the supervision of study personnel.
Sample collection and analysis. For each sequence, blood samples for determination of maribavir and VP 44469 plasma concentrations (separate samples for each) were collected just before the maribavir dose and then 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 16, and 24 h after the dose. A 24-hour urine sample was collected on day 1 and day 8 of each sequence for determination of maribavir and VP 44469 concentrations. Urine collection began with the first voided specimen following administration of maribavir, and the final specimen was collected at the end of the 24-hour period on each day. Blood samples for the determination of ketoconazole plasma concentrations were collected 2 and 24 h after the ketoconazole dose in both sequences, and an additional sample was collected before the dose of maribavir in sequence 2 (trough value).
Plasma and urine assays for maribavir and VP 44469 and plasma assays for ketoconazole were performed by Tandem Laboratories (Salt Lake City, UT) using validated tandem liquid chromatography and mass spectrometric detection methods. Plasma and urine samples of maribavir and VP 44469 were processed by solid-phase extraction. The validated calibration range in plasma was 5 to 1,000 ng/ml for maribavir and VP 44469; the accuracy (percent bias) and precision (coefficient of variation) based on quality control samples for each analyte were Յ5.3% and Յ9.1%, respectively. In urine, the calibration range for maribavir and VP 44469 was 50 to 10,000 ng/ml, with an accuracy of Յ9.3% and a precision of Յ11.3%. Ketoconazole samples were prepared by automated protein precipitation extraction. The validated calibration range was 50 to 5,000 ng/ml; accuracy was Յ9.3%.
Pharmacokinetic endpoints and analyses. The primary pharmacokinetic parameters determined were area under the plasma concentration versus time curve (AUC 0-t and AUC 0-ϱ ), maximum plasma concentration (C max ), time to C max (t max ), terminal elimination rate constant ( z ), t 1/2 , oral clearance (CL/F), terminal phase volume of distribution/bioavailability (V z /F), amount excreted in urine (Ae), and renal clearance (CL R ). The AUC 0-t was calculated as the AUC from time zero to the time of the last measurable concentration, calculated by the log-linear trapezoidal method. The AUC 0-ϱ was calculated as the sum of AUC 0-t plus the ratio of the last measurable plasma concentration to the z . Oral clearance was calculated as dose/AUC 0-ϱ . The z was calculated by linear regression of concentration values in the apparent log-linear terminal elimination phase. The t 1/2 was calculated as 0.693/ z , the V z /F as dose/( z ϫ AUC 0-ϱ ), and CL R as Ae/AUC 0-24 . Nominal sampling times were used in the calculations, and WinNonlin Professional (version 2.1; Pharsight Corporation, Cary, NC) was used for the pharmacokinetic analyses.
Safety assessments and endpoints. Safety was evaluated by physical examination, clinical laboratory testing (hematology, clinical chemistry, and urinalysis), vital sign measurement, 12-lead ECG, and monitoring for adverse events. Clinical laboratory testing was performed on the day before dosing and the day after dosing in both sequences. Liver function tests were performed at the 15-day follow-up visit. ECGs were performed on the day before dosing for treatment period 1 and at 2 and 4 h after dosing. ECG data included PR, QRS, QT, and QT c intervals and heart rate. All adverse events were recorded by the study investigator, who also assessed the severity and potential relationship to the study drug for each event.
Statistical analyses. Based on an intrasubject coefficient of variation of 35%, a total of 16 subjects would have 90% power to show that the 90% confidence interval (CI) of the ratio of the geometric mean of the two treatment groups was within a range of 0.7 to 1.43. The data analysis for pharmacokinetics and safety was generated using SAS/STAT software, version 8, of the SAS System for Windows (SAS Institute, Cary, NC). Data underwent natural logarithmic transformation before the analysis. An analysis of variance (ANOVA) was conducted on all parameters (except t max ) for a two-period crossover design fitting the terms for treatment, sequence, and subject within sequence. The ranked values of t max were analyzed with the ANOVA model. Estimates were calculated for the difference between the treatment least-squares means and their standard errors. These results were retransformed using antilogarithms to obtain the ratio of geometric means for maribavir plus ketoconazole to those for maribavir alone. Adverse events were summarized based on their incidence rates; no statistical analyses were performed.
RESULTS
Patient disposition and demographics.
Of the 20 subjects enrolled, 19 (95%) completed the study. One patient withdrew from the study after experiencing an adverse event (vomiting). Demographics for the 20 enrolled subjects are provided in Table 1 . The mean age of the subjects was 30 years, and 50% were men.
Pharmacokinetics. Mean Ϯ standard deviation plasma concentrations of ketoconazole at 2 and 24 h after 400-mg ketoconazole administration were 6,149 Ϯ 2,423 and 111 Ϯ 122 ng/ml, respectively. These values were comparable to those reported elsewhere in healthy volunteers (4) . Plots for the mean plasma maribavir and VP 44469 concentrations over time are shown in Fig. 1 . Mean maribavir plasma concentrations over time were higher with concomitant ketoconazole administration than with maribavir alone. Mean VP 44469 plasma concentrations following concomitant ketoconazole administration were lower for the initial 8 h and higher after 12 to 24 h than with maribavir alone.
Summaries of pharmacokinetic results for maribavir and VP 44469 are presented in Tables 2 and 3 , respectively. Values for maribavir C max , AUC, Ae, and t 1/2 were higher, and CL/F values were lower, for maribavir plus ketoconazole than for maribavir alone ( Table 2 ). The test for treatment effects for t max was not statistically significant (P ϭ 0.536). The CL/F value, based on the ratio of geometric means, was 35% lower for maribavir-plus-ketoconazole treatment than for maribavir alone.
Similarly, VP 44469 C max and z were lower, and t 1/2 values were higher, for maribavir plus ketoconazole than for mariba- Table 3 ). The test for treatment effects for t max was statistically significant (P Ͻ 0.001). Mean t max values for VP 44469 were 2.5 h for maribavir alone and 5.5 h for maribavir plus ketoconazole. Consistent with the concentration-time profile, AUC values were similar between treatments (Fig. 1) .
Results for the ratio of geometric means of treatments indicated that z for VP 44469 was 38% lower for maribavir-plusketoconazole treatment than for maribavir alone. Adverse events. Maribavir treatment was generally well tolerated (Table 4) . With the exception of a report of a headache of moderate intensity, adverse events were of mild intensity. One subject was withdrawn from the study after experiencing vomiting after receiving a single dose of ketoconazole at 400 mg and a single dose of maribavir at 400 mg (sequence 2, treatment period 1).
The most-common adverse event was dysgeusia (taste disturbance), reported by nine (47%) and seven (35%) subjects in the maribavir-alone and maribavir-plus-ketoconazole groups, respectively. The onset of dysgeusia was generally within 1 h after dosing, with variable duration (3 min to 23 h), and it was most commonly described as a metallic taste. All events of dysgeusia were considered by the investigator to be of mild intensity and resolved without therapy. Twelve (60%) subjects reported adverse events that the investigator considered to be possibly related to ketoconazole (16 events total) during the maribavir-plus-ketoconazole treatment period. The events included dysgeusia (n ϭ 9), nausea (n ϭ 3), headache (n ϭ 2), abdominal pain (n ϭ 1), and vomiting (n ϭ 1).
No patient had ECG findings that the investigator considered clinically significant at any point during the study. Clinical laboratory, urinalysis, and vital sign evaluations were generally unremarkable. Three subjects had at least one new-onset clinical laboratory value that met a prespecified level of clinical significance: one elevated total bilirubin level (considered re- a z , terminal elimination rate constant; Ae, amount excreted in urine; AUC 0-t and AUC 0-ϱ , area under the plasma concentration versus time curve from time zero to the time of the last measurable concentration (t) and to infinity (ϱ); CI, confidence interval; CL R , renal clearance; C max , maximum plasma concentration; CL/F, oral clearance; t 1/2 , terminal elimination half-life; t max , time to C max ; V z /F, terminal phase volume of distribution/bioavailability.
b Ranked values of t max were analyzed with the ANOVA model (P ϭ 0.5364). c Maribavir plus ketoconazole/maribavir alone. a z , terminal elimination rate constant; Ae, amount excreted in urine; AUC 0-t and AUC 0-ϱ , area under the plasma concentration versus time curve from time zero to the time of the last measurable concentration (t) and to infinity (ϱ); CI, confidence interval; CL R , renal clearance; C max , maximum plasma concentration; CL/F, oral clearance; t 1/2 , terminal elimination half-life; t max , time to C max ; V z /F, terminal phase volume of distribution/bioavailability.
b Ranked values of t max were analyzed with the ANOVA model (P Ͻ 0.001). c Maribavir plus ketoconazole/maribavir alone. lated to sample hemolysis), one elevated eosinophil count (10.2%, in a subject whose baseline value was 9.3%), and one decreased hemoglobin/hematocrit value. Overall, there were no trends suggesting laboratory toxicities associated with maribavir in this study.
DISCUSSION
This open-label crossover study assessed the effects of ketoconazole on maribavir pharmacokinetics in 19 healthy adults. The results demonstrated that ketoconazole moderately reduced the clearance of both maribavir and VP 44469, its principal metabolite. Based on the assumption that ketoconazole treatment completely inhibited CYP3A4 activity, these results indicate that CYP3A4 is responsible for 35% of the overall clearance of maribavir. The assumption of near-complete inhibition of CYP3A4 by ketoconazole is based on a study using midazolam, a drug metabolized exclusively by CYP3A4, in which ketoconazole reduced the oral clearance of midazolam to about 6% of the baseline value (13) .
The effects of CYP3A4 inhibition on VP 44469 formation and clearance are less straightforward. The rate of VP 44469 formation is reduced secondary to CYP3A4 inhibition by ketoconazole as evidenced by lower VP 44469 concentrations during the first 8 h after maribavir-plus-ketoconazole administration. VP 44469 t 1/2 was also increased, likely secondary to further metabolism via a pathway that may be subject to inhibition by ketoconazole. Although the t 1/2 was increased, it was not accompanied by a significant increase in AUC, suggesting that the overall impact of inhibition of CYP3A4 on VP 44469 is offset by a decreased formation of VP 44469 and alternate pathways of maribavir elimination.
The results of this study also indicate that maribavir is reasonably well tolerated. With the exception of one moderate adverse event (headache), all reported adverse events were mild in intensity, with dysgeusia representing the majority of all adverse events. Vital signs, clinical laboratory tests, and ECG results were unremarkable and did not suggest any abnormalities associated with maribavir administration. These tolerability results are consistent with those observed in other clinical studies using single-or multipledose maribavir (11, 14, 15) , in which dysgeusia was the most-notable adverse event. Taste disturbance was reported in 94% of healthy subjects receiving maribavir at 400 mg twice daily for 10 days (11) . Similar findings were reported in subjects with renal impairment (14) .
Determination of the contribution of CYP3A4 to the metabolism and clearance of maribavir is important because there are a number of potential interactions associated with drugs that inhibit this isoenzyme that may be administered concomitantly with maribavir (12) . In addition to ketoconazole, examples of inhibitors of this enzyme include other azole antifungal drugs (itraconazole), calcium channel blockers (verapamil and diltiazem), most macrolide antibiotics, HIV protease inhibitors, and grapefruit juice (12) . Substrates of this isoenzyme include alprazolam, cyclosporine, HIV protease inhibitors, tacrolimus, terfenadine, and calcium channel blockers (12) . Despite near-complete inhibition of CYP3A4 metabolism with concomitant ketoconazole treatment in this study, there was only a moderate change in maribavir pharmacokinetics: the mean C max increased by 10% (95% CI, 1% to 19%), and the mean AUC 0-t increased by 46% (95% CI, 38% to 55%). The CYP3A4 isoenzyme system is estimated to be responsible for approximately 35% of the overall clearance of maribavir. Furthermore, since renal excretion is not a major pathway of elimination, these findings suggest multiple metabolic pathways of elimination for maribavir. These pharmacokinetic findings, in combination with the tolerability in both the maribavir and maribavir-plus-ketoconazole treatment groups, suggest that no dose adjustment of maribavir is necessary when it is coadministered with CYP3A4 inhibitors or substrates.
A single oral dose of maribavir at 400 mg was generally well tolerated when administered with or without oral ketoconazole at 400 mg. An earlier study using much higher doses (up to 1,200 mg twice daily) demonstrated a good safety and tolerability profile, with dysgeusia as the most-common adverse event (82%) and diarrhea, nausea, and headache reported in Յ26% of maribavir-treated subjects (9) . The observation that the CYP3A4 isoenzyme is responsible for only about one-third of the overall clearance of maribavir in addition to the established tolerability at higher doses suggest that there is no clinically significant impact on safety from a moderate decrease of elimination with CYP3A4 inhibition as seen in this study.
